Abstract. Paclitaxel is a mainstay of treatment for many solid tumors, and frequently, clinical outcome is influenced by paclitaxel sensitivity. Despite this, our understanding of the molecular basis of paclitaxel response is incomplete. Recently, it has been shown that microRNAs (miRNAs) influence messenger RNA (mRNA) transcriptional control and can contribute to human carcinogenesis. In the present study, our objective was to identify miRNAs associated with cancer cell line response to paclitaxel and to evaluate these miRNAs as therapeutic targets to increase paclitaxel sensitivity. We measured the expression of 335 unique miRNAs in 40 human cancer cell lines selected from the NCI panel. We then integrated miRNA expression data with publicly available paclitaxel-sensitivity (GI 50 ) data for each of the 40 cell lines to identify miRNAs associated with paclitaxel sensitivity. Ovarian cancer cell lines with differential miRNA expression and paclitaxel sensitivity were transiently transfected with miRNA precursors and inhibitors, and the effects on in vitro cell paclitaxel sensitivity were evaluated. Pearson's correlation identified 2 miRNAs (miR-367 and miR-30a-5p) associated with the NCI40 cell line in vitro paclitaxel response (P<0.0003). Ovarian cancer cells were selected based on the association between paclitaxel sensitivity and miR-367/miR-30a-5p expression. Overexpression of miR-367 in the paclitaxel-sensitive cells [PA1; IC 50 , 1.69 nM, high miR-367 (2.997), low miR-30a-5p (-0.323)] further increased paclitaxel sensitivity, whereas miR-367 depletion decreased paclitaxel sensitivity. In contrast, overexpression and depletion of miR-30a-5p in the paclitaxel-resistant cells [OVCAR4; IC 50 , 17.8 nM, low miR-367 (-0.640), high miR-30a-5p (3.270)] decreased and increased paclitaxel sensitivity, respectively. We identified and successfully targeted miRNAs associated with human cancer cell line response to paclitaxel. Our strategy of integrating in vitro miRNA expression and drug sensitivity data may not only aid in the characterization of determinants of drug response but also in the identification of novel therapeutic targets to increase activity of existing therapeutics.
Introduction
Paclitaxel is a plant alkaloid that was developed from the bark of the Pacific yew tree, Taxus brevifolia (1) . Paclitaxel is a taxane that stabilizes and disrupts microtubules required for cell division, resulting in cell death (2, 3) . Despite extensive clinical use in the treatment of patients with lung, ovarian and breast cancer, long-term survival is frequently compromised by the development of paclitaxel resistance, for which the molecular basis remains to be fully delineated. microRNAs (miRNAs) are non-coding, 21-25 nucleotide regulatory RNAs that affect the stability and/or translational efficiency of messenger RNA (mRNAs) (4) . Thousands of miRNAs are predicted to exist in the human genome (5) of which 1,100 human miRNAs have been identified, collectively targeting more than 19,000 human genes (www.microRNA.org). Deregulation of miRNAs has been implicated in the development of many types of human cancers (6, 7) , suggesting that some miRNAs function as oncogenes or tumor suppressors (8, 9) . It has been reported that loss of let7 may influence the development of lung cancer as it negatively regulates let60/RAS (10), whereas miRs-34a-c may play an important role in the tumor-suppressor function of p53 (11, 12) and miR-181a was found to be related to a morphological subclass of acute myeloid leukemia (13) . Some studies have suggested that miRNAs may also influence chemosensitivity (14) (15) (16) . It has been shown that miR-221/222 overexpression reduces p27
Kip1 levels and induces tamoxifen resistance due to cell cycle inhibition (17) , whereas inhibition of miR-21 increases apoptosis in lung adenocarcinoma epithelial cell line A549 after NSC 265450 (nogamycin) and NSC 670550 treatment by downregulating Bcl2 protein (14) .
In the present study, we integrated miRNA data for lung, colon, breast, ovarian, kidney, skin (melanoma), prostate, central nervous system (CNS), and hematologic (leukemia) Human cancer cell line microRNAs associated with in vitro sensitivity to paclitaxel miRNA extraction and expression profiling. Total RNA was extracted from 1x10 6 log-phase cells using the mirVana miRNA isolation kit (Life Technologies) according to the manufacturer's instructions. The yield and quality of total RNA for each cell line were determined using an Agilent Bioanalyzer. The RNA integrity number (RIN) of all samples was in a range of 8-10 and no genomic DNA contamination was detected. Total RNA (10 µg) from each cell line was then subjected to miRNA expression profiling. The cell line samples were co-hybridized to printed arrays that contained a 562 Ambion mirVana miRNA probe set (Ambion, Austin TX, USA) and 632 of Invitrogen's NCode Multi-Species miRNA probes (Invitrogen, Carlsbad, CA, USA), which contain >800 unique human miRNAs. The hybridized arrays were scanned on a GenePix 4000B scanner, and expression data were generated using the GenePix Pro software (Molecular Devices, Sunnyvale, CA, USA).
Transfection of miRNA. Cell lines were transfected with pre-miR-367, pre-miR-30a-5p, anti-miR-367 or anti-miR-30a-5p (Life Technologies) using siPORT NeoFX transfection reagent, according to the manufacturer's protocol. The concentrations of miRNA and the transfection reagent were optimized by the manufacturer's recommendations prior to experimentation. Log-phase cells (~60% confluence) were incubated with 6.25 µM precursor or inhibitor miRNAs in the presence of 50 nM transfection reagent for 4 h. pre-miR negative control 1 precursor and anti-miR negative control 1 were used as controls for miRNA overexpression and depletion experiments, respectively. Control miRNAs were transfected under the same condition as the experimental miRNAs. Both control miRNAs have mechanisms similar to the pre-miRNA precursors and anti-miRNA inhibitors but have no observed effects on known miRNA functions.
Comparative C T RT-PCR.
Real-time comparative C T RT-PCR was used to determine relative miRNA levels. miRNAs were converted into cDNA using miRNA sequence-specific primers and the TaqMan ® microRNA reverse transcription (Applied Biosystems). Total RNA (10 ng) was used for each 15-µl reverse transcription reaction. Comparative C T RT-PCR was performed on the Applied Biosystems StepOne RealTime PCR system, according to the manufacturer's protocols. Briefly, 1.33 µl of miRNA-specific cDNA was combined with sequence-specific TaqMan miRNA assays and TaqMan Universal PCR Master Mix, no AmpErase UNG in a total reaction volume of 20 µl. RNU44 was used as the endogenous miRNA control for normalization. RNU44 was considered a qualified candidate of endogenous control based on preliminary experimentation (data not shown). miRNA expression levels were analyzed using StepOne Real-Time PCR instrument software. Growth inhibition assay. Cells were seeded in 96-well plates (Perkin-Elmer) at a density of 6x10 4 cells/ml and incubated overnight at 37˚C. Cells were incubated with the indicated concentrations of paclitaxel for 72 h, and cell viability was assessed using the CellTiter-Glo™ luminescent cell viability assay kit (MTS kit; Promega). Luminescence was recorded using Wallace Victor2™ 1420 Multilabel Counter (PerkinElmer). Wells containing medium without cells were used to obtain background luminescence. All experimental wells and controls were set up in triplet. Paclitaxel log 10 (IC 50 ) values for transfected cell lines were calculated using the sigmoidal dose-response (variable slope) curve equation (Prism 5). Dose-curve graphs were generated using GraphPad (Prism 5). Cells cultured with transfected medium without miRNA precursors or inhibitors were used as controls. The effects of increased pre-miR and anti-miR levels due to transfection on cell viability were assessed 48 h post-transfection using MTS assays.
Statistical analysis. Two color spotted array data for miRNA levels were generated from the GenePix Pro software. Background subtraction (18) and Loess normalization (19) were performed using Limma software. Replicate probe sets were averaged by their design (Ambion or Invitrogen). Processed data were then analyzed using SAM (significance analysis of microarrays) software (20) . Missing values were imputed with SAM's nearest neighbor imputer, where k was set to 10. For each drug, Pearson's correlation test was used to identify those miRNAs with expression values associated with sensitivity measured by GI 50 .
Pathway analysis. The miRanda database was used to identify the mRNA targets of miRNAs found to be associated with in vitro sensitivity to chemotherapy. The identified mRNA targets were subjected to GeneGo MetaCore analysis to determine biological signaling pathway representation. P<0.05 represented statistical significance of the association between the mRNA targets of the miRNAs and the biological pathways.
Results
Correlation of miRNA expression and paclitaxel sensitivity/resistance. Paclitaxel sensitivity (GI 50 ) data for the subset of 40 cancer cell lines of the NCI60 cell panel (3 leukemia, 6 melanoma, 8 non-small cell lung, 6 colon, 4 central nervous system, 2 ovarian, 7 renal, 2 prostate and 2 breast cancer cell lines) was obtained from NCI Website (http://dtp.nci.nih.gov/ dtpstandard/cancerscreeningdata/index.jsp). Based on miRNA expression and GI 50 data, Pearson's correlation test identified 35 miRNAs associated with in vitro paclitaxel sensitivity (P<0.05). miR-367 and miR-30a-5p demonstrated the highest level of statistical significance in association with sensitivity to paclitaxel (P<0.0003) ( Table II) .
Selection of cell lines. The OVCA cell lines PA1 and OVCAR4 were selected for further evaluation based on associations between paclitaxel sensitivity and miR-367/miR-30a-5p expression. An evaluation of the OVCA cell lines showed PA1 to have a higher relative expression value of miR-367 (2.997), a lower relative expression value of miR-30a-5p (-0.32), and relative sensitivity to paclitaxel-induced cell growth arrest (IC 50 , 1.69 nM). In contrast, OVCAR4 showed a lower relative expression value of miR-367 (-0.64), a higher relative expression values of miR-30a-5p (3.27), and was more resistant to paclitaxel (IC 50 , 17.8 nM). The differential expression of miR-367 and miR-30a-5p in PA1 and OVCAR4 cells was confirmed by quantitative RT-PCR (Fig. 1) . As a reference, miRNA expression was compared to embryonic stem cells, which reportedly express miR-367 in the early stage and reduced miR-367 expression in the late stage (21) . Embryonic stems cells were defined as early vs. late stage based on culture duration of 1 (ES1DIV) vs. 14 (ES14DIV) days, respectively. As shown in Fig. 1A , using ES14DIV as the reference [relative expression (RQ)=1], the relative expression (RQ value) of miR-367 PA1 cells was 235.1, compared to RQ=70.71 for ES1DIV (positive control) and RQ= 0 for OVCAR4 cells. In contrast, normalized to ES14DIV (RQ=1), OVCAR4 had the highest expression of miR-30a-5p with an RQ=0.72, compared to RQ=0.18 for PA1 cells (Fig. 1B) .
Evaluation of miR-367 and miR-30a-5p as therapeutic targets.
To determine the value of miR-367 and miR-30a-5p as therapeutic targets in OVCA cells, miR-367 was overexpressed or depleted in the paclitaxel-resistant cell line PA1 (high miR-367, low miR-30a-5p), through transient transfection of the miRNA precursor (pre-miR-367) and inhibitor (anti-miR-367), respectively. In contrast, the paclitaxel-sensitive OVCA cell line OVCAR4 (low miR-367, high miR-30a-5p) was transfected with the miR-30a-5p precursor (pre-miR-30a-5p) and inhibitor (anti-miR-30a-5p). Forty-eight hours after transfection, cells were incubated with increasing doses of paclitaxel for 72 h and evaluated for cell viability using the CellTiter-Glo™ luminescent assay.
Compared to the mock transfection controls, PA1 cells transfected with pre-miR-367 showed a 57% decrease in cell survivability 48 h after transfection, whereas transfection of anti-miR-367 did not affect cell survival. Transfection Figure 1 . Differential expression of miR-367 and miR-30a-5p by quantitative RT-PCR. The differential expression of (A) miR-367 and (B) miR-30a-5p was confirmed by RT-PCR in the ovarian cancer cell lines, PA1 and OVCAR4. Embryonic stem cells cultured for 1 day (early-stage, ES1DIV) and 14 days (latestage, ES14DIV) were used as controls for positive and negative miRNA expression, respectively. RNU44 was used as endogenous control. ES14DIV was used as the sample reference control. The value of the reference control was set as 1. Figure 2 . Modulation of miRNA expression affects paclitaxel sensitivity. PA1 cells (high miR-367 expression, low miR-30a-5p expression) were evaluated for paclitaxel-induced growth arrest at 72 and 48 h after transient transfection of (A) pre-miR-367 precursor miRNA and (B) anti-miR-367 inhibitor miRNA. Changes in miRNA levels were evaluated 48 h after transfection by comparative C T RT-PCR. The negative control was set as the reference sample and the fold-change as 1. The endogenous control was RNU44. The fold-change before and after transfection was calculated by 2 -∆∆Ct .
of pre-miR-30a-5p and anti-miR-30a-5p had no effect on the survivability of PA1 cells (data not shown). Despite the decrease in cell survival, transfection of pre-miR-367 in PA1 cells resulted in a 0.64 log 10 -fold-change in miR-367 expression and an increase in paclitaxel sensitivity when compared to the precursor negative control ( Fig. 2A) . In contrast, transfection of PA1 cells with anti-miR-367 resulted in a -0.2 log 10 -foldchange and a decrease in paclitaxel sensitivity (Fig. 2B ).
In the intrinsically paclitaxel-resistant cell line (OVCAR4), which has high relative expression of miR-30a-5p and low relative expression of miR-367, overexpression of the miR-30a-5p precursor (0.04 log 10 -fold change) slightly decreased paclitaxel-induced sensitivity, whereas depletion of miR-30a-5p (-0.10 log 10 -fold change) increased paclitaxel-induced growth arrest (Fig. 3) .
Pathways involved in the deregulation of miRNAs.
To evaluate the potential influence of miR-367 and miR-30-5p on various cellular processes, we identified the predicted mRNA target genes of these miRNAs using the miRanda database (22) . This database hosts target sites for 1,100 human miRNAs and 16,228,619 predicted miRNA targets in 34,911 distinct 3'UTRs of 19,898 human genes. The miRanda database predicted 1,536 and 2,320 target genes associated with miR-367 and miR-30a-5p, respectively (mirSVR score >-0.15, mirSVR score ranged from -0.1 to -1.35) (20) . These predicted miRNA targets were further analyzed for biologic signaling pathway representation using GeneGo MetaCore software. Pathway modeling identified 16 pathways represented among the predicted target genes for miR-367 (P<0.0001) and 20 pathways were represented among the target genes for miR-30a (P<0.0001) (Table III) .
Discussion
The efficacy of cancer treatment is frequently limited by intrinsic and acquired resistance to chemotherapy. Despite progress in delineating the molecular determinants of cancer chemo-response, a comprehensive understanding of the factors that underlie drug resistance remains elusive.
Evidence is accumulating to support a role for miRNAs in the development and progression of human cancer (7, 23, 24) . Moreover, recent data also suggest that miRNAs may influence cancer cell response to chemotherapy (14, 16, 25) by mechanisms that may be both cancer cell-type or drug specific. Previous studies have shown that paclitaxel sensitivity may be associated with the expression of miR-200c in both ovarian (26) and gastric cancer (27) , miR-148 in prostate cancer cells (28) , miR-337, miR-34 and miR-135a in lung cancer (29) (30) (31) , miR-22 in colon cancer (32) , and miR-125b and miR-21 in breast cancer (33, 34) .
In the present study, miRNA expression data integrated with publicly available chemosensitivity data for 40 human cancer cell lines (representing 9 different cancer cell types) identified 35 miRNAs to be associated with in vitro paclitaxel sensitivity (P<0.05). Two of these miRNAs, miR-367 and miR-30a-5p, were selected for further experimentation based on associations between paclitaxel sensitivity and miR-367/miR-30a-5p expression. The effects of miR-367 and miR-30a-5p expression on chemosensitivity were investigated Figure 3 . Modulation of miRNA expression affects paclitaxel sensitivity. OVCAR4 cells (low miR-367 expression, high miR-30a-5p expression) were evaluated for paclitaxel-induced growth arrest at 72 and 48 h after transient transfection of (A) pre-miR-30a-5p precursor miRNA and (B) anti-miR-30a-5p inhibitor miRNA. Non-targeting pre-miRNA and anti-miRNA negative controls were used as references. Changes in miRNA levels were evaluated 48 h after transfection by comparative C T RT-PCR. The negative control was set as the reference sample and the fold-change as 1. The endogenous control was RNU44. The fold-change before and after transfection was calculated by 2 -∆∆Ct .
in OVCA cell lines shown to have differential expression of these miRNAs. The OVCA cell line PA1 was found to be relatively sensitive to paclitaxel-induced cell death and have relatively high expression of miR-367 and low expression of miR-30a-5p. In contrast, OVCAR4 cells were found to have almost no expression of miR-367 and relatively high expression of miR-30a-5p and were relatively resistant to paclitaxel. In PA1 cells, the overexpression and depletion of miR-367 increased the sensitivity and resistance of these cell lines to paclitaxel-induced growth arrest and cell death, respectively. In contrast, in OVCAR4 cells, an increase in miR-30a-5p expression was associated with decreased paclitaxel sensitivity, whereas a depletion of miR-30a-5p was associated with an increase in paclitaxel sensitivity. The mechanism by which these miRNAs affect chemosensitivity was not determined. However, miR-367, which belongs to the miR302 cluster, is only present in embryonic stem cells and is significantly decreased after cells differentiate (21) . miR-302 and miR-367 not only participate in the processes of maintaining cell selfrenewal and pluripotency in embryonic stem cells but are also overexpressed in various cancer cells (21, (35) (36) (37) (38) and may play a role in chemosensitivity (39) . Similarly, miR-30a-5p has been reported to be differentially expressed in various malignancies, including lung, thyroid, anaplastic and gastric cancer (40) (41) (42) (43) (44) and has been associated with survival of patients with cancer (45, 46) . Bioinformatic analyses of the predicted miR-367 target genes indicated that miR-367 may have an important regulatory role in the expression or activity of 16 biologic signaling pathways. Notably, the majority of these miR-367-influenced pathways, such as signal transduction/PKA signaling, signal transduction/AKT signaling, cAMP signaling, and apoptosis and survival/BAD phosphorylation, influence cell survival through regulating cell cycle and cell apoptosis and maintaining cell self-renewal and stemness (Table III) , although the role of miR-367 in carcinogenesis and chemosensitivity is largely unknown.
miR-30a-5p was predicted to influence the expression of 20 biologic signaling pathways, several of which are also known to influence cellular survival, such as apoptosis and survival/FAS signaling cascades and apoptosis and survival/caspase cascade. However, the majority of pathways under the influence of miR30a-5p's appears to involve cytoskeletal remodeling and cell migration (Table III) .
The present study demonstrated that the integration of miRNA expression data with existing chemosensitivity data from the NCI40 cell line set may provide insight into miRNAs that influence in vitro paclitaxel sensitivity. However, it should be acknowledged that such an approach may preferentially identify those miRNAs that were influential in determination of chemosensitivity across tumor types and may not identify those miRNAs that have a cancer-specific influence on the response to paclitaxel. Although data such as these provide an important contribution to our knowledge of the underpinnings of cancer cell response to therapeutic agents, it should be recognized that a comprehensive understanding of the biologic determinants of chemo-response will ultimately require us to incorporate information on additional variables such as DNA sequence and copy number, mRNA expression (vs. predicted mRNA targets), and protein levels and post-translational modifications. Our data contribute to the growing body of evidence suggesting that miRNAs have potential utility as personalized medicine biomarkers of cancer cell response to therapy and, moreover, may also represent viable therapeutic targets to increase cancer cell chemosensitivity.
